A series of Ce-Fe mixed oxides as well as the pure oxides were synthesized by the microemulsions method. The solid solution formation was established for all the Fedoped systems and only a hardly noticeable segregation of α-Fe 2 O 3 was appreciated for the solid with the maximum iron content (50 Fe atomic%). The oxygen exchange is improved for all the Fe-doped systems; however the 10 Fe atomic% appears as the optimal iron content for achieving the maximum oxygen vacancies concentration and the higher reducibility efficiency. The CO oxidation (TOX, PROX) is especially achieved for the solids with the lower iron contents but with a superior oxygen vacancies proportion. These Ce-Fe systems prepared from microemulsions are very attractive to be considered as supports for depositing active phases capable of enhancing oxygen exchange ability of the whole system, allowing higher CO oxidation abilities.
Introduction
CO oxidation processes are relevant from technological and environmental points of view. In this sense, the total (TOX) [1, 2] and the preferential oxidation of CO in presence of H 2 (PROX) have been widely studied. CO is a hazardous gas which is a concern in environmental protection. Its abatement from automobile exhaust gases and indoor air is an item of great importance. On the other hand, the PROX reaction generates a remarkable interest because it represents a key step in the H 2 fuel clean-up processes. The H 2 produced by reforming of organic molecules such as alcohols contains important amounts of H 2 O, CO 2 and CO. If this hydrogen is employed for fueling PEM fuel cells, ultralow levels of CO (commonly below 10 ppm) are mandatory in order to prevent the poisoning of the Pt-based PEMFC's catalysts [3] . The water gas shift reaction (WGS) is considered as the first cleaning step but it is unable to reduce the CO contents until the required levels and only 0.5-1% CO is achieved. So, an additional CO abatement process is necessary and PROX reaction has demonstrated to be an efficient one.
Many systems have been studied as catalysts for the CO oxidation and it is generally accepted that reducible oxides such as α-Fe 2 O 3 , TiO 2 and CeO 2 are attractive supports due to their capability to provide active oxygen species [4] . In the case of CeO 2 , it has been widely demonstrated that its oxygen mobility abilities can be improved by the modification of its structure through the doping with different cations such as Zr [5] , Zn [6] , Eu [7] , Cu [8] , and Fe [9] among others. This enhancement of the oxygen mobility is directly related to the formation of oxygen vacancies, which has been reported as maximum for contents of doping agent around 10 atomic% in Ce-Eu [7] , Ce-Fe [10, 11] and Ce-Zn [6] systems. The promotion of oxygen vacancies in the modified ceria structures is especially attractive if these materials are employed as catalytic supports. For instance, in gold catalysts, besides the enhancement in oxygen mobility and redox properties of the solid, oxygen vacancies act as nucleation centers for gold deposition, favoring the gold dispersion and improving the catalytic performances towards CO oxidation [6, 10, 12, 13] .
Fe-modified ceria systems present a remarkable improvement of their oxygen exchange abilities compared with the bare CeO 2 , because of the Ce-Fe synergy that is achieved by combining the redox behavior of the cerium (Ce Pérez-Alonso and coworkers have presented a complete study about the Ce-Fe interactions in several series of Ce-Fe mixed oxides prepared by coprecipitation [9, [14] [15] [16] . The catalytic performances of these materials were evaluated in the N 2 O decomposition and the Fisher-Tropsch synthesis. From these studies it can be pointed out that hematite-like and cubic ceria-like solid solutions are formed in the Ce-Fe systems, showing better catalytic performances than those of the pure oxides.
In a similar way, Bao et al reported the synthesis of Fe 2 O 3 -CeO 2 composites with different iron contents by coprecipitation, using urea as precipitation agent [11] . They found that there is a limit for the solid solution formation around 30 Fe molar percentages. The Ce 0.9 Fe 0.1 composite presented the best catalytic activity in the CO oxidation, which agrees with its highest amount of oxygen vacancies. However, we have recently presented the synthesis of Ce-Fe mixed oxides by thermal decomposition of the metallic propionates and although the solid with 10 Fe atomic% presented the solid solution formation and the highest CO oxidation performances, the Raman oxygen vacancies band was not detected [10] .
From all above, it can be inferred that the synthesis procedure is determinant for the formation of the solid solution in Ce-Fe mixed systems and influences the mechanism of replacement of the Ce species by Fe ones into the ceria framework. In this sense, a synthesis method that ensures the homogeneity of the obtained mixed oxides is required and, the microemulsion method could be a promising one.
Microemulsion has been reported as a successful synthesis media for catalysts preparation offering particles in the nano-size range, high specific surface area and high metallic dispersion [17, 18] . Since the first report on the use of microemulsions in the preparation of noble-metal catalysts, different catalytic systems have been obtained successfully by this method, including oxide-based materials [19] . The synthesis of inorganic nanoparticles is commonly carried out in water-in-oil, which is one of the three types of microemulsions [17] . This kind of microemulsion consists of small micelles at the microscopic level, being the water core of these micelles surrounded by surfactant molecules that allows stabilizing the dispersion of the aqueous phase in the oil phase. The precursor metallic salts are dissolved in the water cores and then precipitated by the adequate precipitating agent. This precipitating agent can be directly added to the microemulsion containing the metallic salts or also previously dissolved in a similar microemulsion which is later mixed with it. The type of oil phase, the composition of the water-in-oil microemulsion, the amount and type of surfactant and the type of precipitating agent are variables that have to be optimized for every system (to be prepared), in order to ensure the thermodynamic stability and the transparency (optical isotropy) of the microemulsion, because these features guarantee the strict control of the desired properties in the obtained material [17] .
Considering the scenario presented above, in this paper the synthesis of a series of Fedoped ceria samples employing microemulsions is explored. The microemulsion method was selected with the aim of preparing homogeneous Fe-doped ceria materials with improved Ce-Fe interactions and high potential applications as active support for CO oxidation reactions. For comparative purposes, pure oxides were prepared by the same procedure. All solids were characterized by means of XRF, BET, XRD, TPR-H 2 , UV-Vis and Raman spectroscopy. Finally, the catalytic performances of the obtained materials were evaluated in the TOX and PROX reactions and the results correlated with the observed structural modifications of the solids.
Experimental

Materials and methods
A series of Ce-Fe mixed oxides with different Fe content was prepared from microemulsion. N-octane was used as continuous oil phase, cetyl trimethyl ammonium bromide (CTAB) as the surfactant, 1-butanol as the cosurfactant and a solution of the metallic precursors as the aqueous phase. Ammonia (NH 3 ) was used as precipitant. The composition of the microemulsion systems expressed as weight percentage (wt.%) is: 13% CTAB, 53% n-octane, 13% 1-butanol and 21% of aqueous phase (2M). The amounts of surfactant, cosurfactant and oil phase are similar to those reported by Palla et al. [20] and Nassos et al. [21] . An excess of NH 3 (9:1 NH 3 /(Ce+Fe) molar ratio) was used as precipitating agent.
The synthesis was carried out as follows: Two microemulsion systems with the composition given in Table 1 were prepared separately. The first one, ME1, contains the adequate amounts of the metal nitrates in the aqueous solution, and the second one, ME2, contains the adequate amount of the precipitating agent (NH 3 ) in the aqueous solution. Then, ME1 was added dropwise to the ME2 and precipitated particles were obtained. The mixture was kept under vigorous stirring during 24 hours at room temperature and after that, the particles were collected by centrifugation. The surfactant, cosurfactant and oil phase excesses were washed first with a 50/50 methanol/chloroform mixture and then with methanol. The obtained solid was dried at 60 ºC during 24 h and finally calcined (10 ºC/min) at 500 ºC for 2 hours.
Characterization
The elemental composition of the samples was determined by X-ray fluorescence (XRF) spectrometry in a Panalytical AXIOS PW4400 sequential spectrophotometer with Rh tube as source of radiation. The measurements were performed onto pressed pellets containing 6 wt% wax.
The textural properties were studied by N 2 adsorption/desorption measurements at liquid nitrogen temperature in a Micromeritics ASAP 2010 apparatus. Before analysis, the samples were degassed at 150 ºC for 2 hours under vacuum.
Powder X-ray diffraction (XRD) patterns were recorded on a Siemens D500 diffractometer, using Cu K radiation (40 mA, 40 kV), with 0,017° step size and 275 s of step time, over a 2θ range from 10 to 90°.
Raman spectra were recorded in a dispersive Horiva Jobin Yvon LabRam HR800 Confocal Raman Microscope with a green laser (532.14 nm) working at 5 mV power and using a 600 grooves/mm grating. The microscope used a 50x objective with a confocal pinhole of 1000 μm.
The UV-Vis spectra were measured on a Varian ® spectrometer model Cary 100, equipped with an integrating sphere and using BaSO 4 as reference. All the spectra were recorded in diffuse reflectance mode and transformed to a magnitude proportional to the extinction coefficient through the Kubelka-Munk function, F(α).
Temperature Programmed Reduction (TPR) experiments were carried out in a conventional quartz reactor connected to a TCD. The reactive gas stream (5% H 2 in Ar) was flowed at 50 mL/min over 50 mg of sample and the temperature raised at 10 °C/min from room temperature to 900 °C. A molecular sieve 13X was used to retain the reduction products, mostly H 2 O and CO 2 . Quantitative analysis was done by integration of the reduction signal and comparison with hydrogen consumption of a CuO reference.
Catalytic activity: For the oxidation of CO (TOX), the solids (80 mg with 100 μm <ø<200 μm particle size) were pretreated for 1 h at 300 ºC in a 30 mL/min activation flow of 21vol% O 2 balanced in He. The light-off curves (from room temperature to 400 ºC, 5ºC/min) were obtained passing a 42 mL/min feed-stream of 3.4 vol% CO and 21 vol% O 2 balanced in He. The reaction was carried out in a conventional continuous flow U-shaped quartz reactor working at atmospheric pressure placing the sample between glass wools. The reaction products were followed by mass spectrometry (Balzers ® Thermostar).
The preferential oxidation of CO in presence of hydrogen (PROX) was carried out at atmospheric pressure on a cylindrical stainless steel reactor (9 mm inner diameter), with 100 mL/min of a reaction mixture containing 2% CO, 1% O 2 , 50% H 2 and N 2 as balance. In order to avoid intrareactor gradients, the catalyst powder (100 mg, particle size ø =100-200 m) was diluted with crushed inert glass with the same particle size until a reactor bed height of 5 mm. Before reaction, samples were activated for 1 h at 300 ºC with a 21 vol% O 2 in N 2 flow (30 mL/min). Products and reactants were separated by on-line gas chromatography (Varian ® CP-4900), equipped with a Porapak® Q, a Molecular Sieve 5A, and a TCD detector.
The CO conversion and the selectivity to CO oxidation were calculated according to equations 3 and 4 where CO in and O 2in are the amounts of the CO and O 2 in the inlet and CO out and O 2out are those of the outlet.
Results and discussion
XRF and textural analysis
The chemical composition of the prepared solids and the main textural properties are presented in Table 1 .
The Ce and Fe atomic percentages are very close to the target values in all cases. This evidences that the microemulsion method allows a good control of the chemical composition of the prepared solids, as reported by Boutonnet et al. [17] .
N 2 adsorption-desorption isotherms of the studied solids (not shown) present type II isotherms according to the IUPAC classification [24] . Type II isotherms are typical of macroporous systems where the monolayer formation at low relative pressure takes place. Then, as the relative pressure increases, the progressive multilayer adsorption is achieved [24] . In our case, since all solids present a small crystallite size (Table 1) , that macroporosity is not due to the presence of macropores on the materials surface, but to the N 2 condensation on the inter-nanoparticles spaces. The control of the crystallite size growing up for the obtained materials is one of the allowed features by the applied synthesis method. Microemulsion methodology inhibits the sintering of the nanoparticles because the initial interaction between both metals (Ce and Fe) is carried out into the aqueous phase of the micellar nanoreactors, generating very small nuclei where the formation of the mixed oxide is achieved, during the calcination.
In general, the BET surface areas and the pore volume values (Table 1 ) of the Femodified solids are higher than those of the pure oxides and increase with the iron content. However, the CeFe5 solid seems to present an additional promoting effect on the BET surface area considering the amount of iron incorporated.
XRD
The XRD patterns of the synthesized materials are presented in Figure 1 .
The XRD profile of pure CeO 2 corresponds to c-CeO 2 fluorite structure (JCPDS 00-034-0394) and that of pure iron oxide correlates with the α-Fe 2 O 3 phase (hematite). The mixed solids maintain the F-type crystalline structure characteristics of bare CeO 2 , although, for the solid with the highest amount of iron (CeFe50), a small reflection around 35º that could be attributed to the (110) plane of α-Fe 2 O 3 is detected (see Figure  1B) . ones. Consequently, a decrease in the measured ceria cell parameter is observed (Figure 2 ). This decrease is linear until iron contents of 10 atomic%, which agrees with the Vegard's law which establishes that at a constant temperature, the cell parameters of an alloy should change linearly with the concentrations of its constituent elements [7, 25] . On the other hand, although the CeFe25 and CeFe50 solids also present a lower cell parameter respect to that of the bare CeO 2 , these values are out of the initial linear trend suggesting that the iron solubility becomes more difficult as the amount of iron increases. However, as the presence of segregated iron oxides are hardly noticeable even for the highest iron content introduced, we can conclude that most of the Fe species are forming part of the solid solution with ceria. Finally, the very small crystalline domain of the segregated iron oxides which difficulty their XRD detection, cannot be fully discarded.
The limited solubility of the Ce-Fe system has been established before [26] . We have shown in a previous work that the segregation of α-Fe 2 O 3 was detected for iron contents higher than 10 atomic% in a series of Ce-Fe mixed oxides synthesized by a pseudo solgel method through the decomposition of the cerium and iron propionates [10] . In the same sense, Li et al. [27] also reported the 10 atomic% Fe as the maximum iron content able to form the Ce-Fe solid solution without segregation of iron oxides, in a series of mixed oxides prepared by co-precipitation with ammonia at pH around 8-10 [27] . Pérez-Alonso et al. [14] also studied the Ce-Fe mixed system synthesized by coprecipitation with NH 4 OH. They showed the formation of the solid solution without segregation of iron oxides for a Ce/Fe molar ratio as high as 1:1, when the solid is calcined at 300 ºC. However they demonstrated the presence of α-Fe 2 O 3 when the material was calcined at 500 ºC. Later, Bao et al. [11] found a 30 Fe atomic% as the maximum iron content without segregation of the pure oxides in a series of Ce-Fe mixed oxides prepared by co-precipitation with urea. In spite of the high calcination temperature used in their work, (650 ºC), they proposed that the preparation method is crucial in order to achieve the solid solution formation. They suggested that the Ce-Fe solid solution with a cubic structure is thermodynamically mesostable and, at high temperatures, tends to the segregation of the pure oxides, which present a thermodynamically more stable configuration.
In the series of samples prepared in the present paper by microemulsion and calcined at 500ºC, segregated iron oxides are only detected by XRD in an almost imperceptible way for the Fe content of 54.4 Fe atomic% contents (Figures 2 and 3) . So, and taking into account the literature data cited above, the microemulsions methodology seems to favor a more stable and homogenous contact between Ce and Fe that other more conventional preparation methods, allowing to produce Ce-Fe solid solutions with higher iron contents [10, 11, 14, 27] .
On the other hand, the crystallite size values of the pure oxides are higher than those of the mixed systems, Table 1 . For the Ce-Fe solids, higher the iron content, lower the crystallite size. This behavior agrees with the reported inhibition of the sintering of ceria when introducing a doping cation inside its cubic structure, which provokes a decreasing in the ceria crystallite size with the amount of doping agent introduced [10, 13, 28, 29] .
Raman spectroscopy
The Raman spectra of the prepared solids are presented in Figure 3 . Bare CeO 2 presents a peak at 458 cm -1 that is ascribed to the Raman active F 2g mode, due to the oxygen symmetric breathing vibration around Ce 4+ [7, 10, 30] . Besides this, a small band at ca. 598 cm -1 ascribed to the presence of oxygen vacancies (Ov) [7, 12, 30] is detected.
The spectrum of pure Fe 2 O 3 shows bands attributed to the α-Fe 2 O 3 structure (hematite) with the 6 3d D crystal space group (Figure 3 inset) , confirming the XRD results previously discussed. The hematite, which is basically an antiferromagnetic material with a corundum-type structure, presents a high symmetry allowing seven active Raman phonons which appear below 620 cm -1 [31] [32] [33] [34] [35] . The symmetry associated to every peak is presented in Figure 3 inset, pointing out that the band at 286 cm -1 (E g + E g ) represents a doublet of E g symmetry [31] [32] [33] [34] [35] .
The Raman spectra of the mixed oxides are dominated by the F 2g signal of the CeO 2 structure. For the solids with 5 and 10 Fe atomic % contents, this signal does not suffer a clear shift but it becomes broad. However, at higher iron contents, this signal broads and shifts to lower frequencies compared with that of the pure CeO 2 . In addition for these solids, a shoulder around 370 cm -1 becomes visible.
The detected modifications in the shape of the F 2g signal evidence the Fe-Ce interaction in the doped systems [12] . The introduction of Fe 3+ cations into the ceria lattice and the decrease of the crystallite size, among other factors, generates symmetry distortions which result in the broadening and/or the shift of the F 2g Raman signal [10] . A shift towards lower wavenumbers is expected when decreasing the crystallite size of ceria [11, 12] ) produces a shift towards higher wavenumbers [11, 12] . In our case, both contrary effects must be presented, and the observed red shift of the F 2g Raman band with the iron loading is indicative of the dominant role of the crystallite size effect. This conclusion agrees with that previously supported by Bao et al. [11] .
The Fe-modified solids with low iron contents (5 and 10 atomic%) present a band around 257 cm -1 . This band has not been previously discussed for Ce-Fe mixed systems, although similar ones have been described for Zr-doped CeO 2 solids. Masui et al [36] observed a Raman band around 307 cm -1 which they attributed to the formation of the tetragonal phase in the Zr-Ce mixed oxide. In a similar way, Fang et al [37] reported a band around 297 cm -1 in Ce-Zr and Ce-Gd mixed oxide systems due to the tetragonal phase formation in the solid solution. Moreover, Liu et al. [38] described in the Raman spectra of Zr-modified CeO 2 solids, not only the presence of a band around 306 cm (Figure 3, inset) suggesting its structural modification. Li et al. [27] have reported similar bands in the Raman spectra of a Ce 0.7 Fe 0.3 O 2-δ solid, which they ascribed to Fe 2 O 3 . De Faria et al. in their Raman study of iron oxides and oxyhydroxides, observed changes in the relative intensity of Raman signals in natural and synthetic hematite due to changes in the crystallinity of the solids which generates changes in the sample orientation and in the band polarization behavior [35] . In our case, the observed modification in the relative intensity of the iron oxide bands could be due to the close interaction between cerium and iron oxides. Finally, since the existence of the Ce-Fe solid solution in the CeFe25 and CeFe50 solids is demonstrated by XRD (Figure 1) , the presence of a distorted cubic structure as discussed above for the low Fe loaded mixed oxides cannot be fully discarded and, probably the characteristic Raman band (around 257 cm -1 ) may overlap with those of the iron oxide.
Another interesting feature observed in the Raman spectra of the mixed oxides is the alteration of the relative intensity of the oxygen vacancies signal at 598 cm -1 (Ov). This must be related with changes in the population of the oxygen vacancies in the material. In this sense, it is well established that the ratio between the areas of the Ov and F 2g Raman bands of ceria-based solids is characteristics of the concentration of the oxygen vacancies [7, 12, 39] . The obtained results are presented in Figure 4 .
The Ov/F 2g area ratio increases when introducing 5 Fe atomic % in the ceria network, pass through a maximum for 10 atomic% iron contents and becomes almost zero for the solid with 50 Fe atomic%. This behavior agrees with the work of Bao et al. that observed the maximum oxygen vacancies concentration in Ce-Fe mixed oxides prepared by precipitation with a 10 Fe atomic% [11] . The same authors observed the disappearance of the oxygen vacancies band for Fe atomic percentages of 40 and above, and conclude that doping with small amounts of Fe 3+ facilitates the formation of oxygen vacancies whereas large doping amounts annihilates them. This could be attributed to the existence of two different doping mechanisms to balance the charge when Ce 4+ is substituted by trivalent Fe 3+ cation, i) the vacancy compensation mechanism [39] , that improves the generation of oxygen vacancies and ii) the dopant interstitial compensation mechanism, which eliminates them [11] . In a recent report, we have shown that, in a series Ce-Fe mixed oxides prepared by the propionate method [10] , the oxygen vacancies of CeO 2 disappear after the doping with 10 atomic% of Fe. These results point out that not only the amount of iron but also the synthesis procedure controls the mechanism of formation of oxygen vacancies in the solid solution. In this sense, microemulsion is an adequate methodology to obtain homogeneous mixed materials where the isomorphic substitution of Ce by Fe is stabilized.
UV-Visible Spectroscopy
The UV-visible diffuse reflectance spectra of the prepared solids are presented in Figure  5 . Pure CeO 2 shows absorption bands at 206, 237 and 270 nm due to the charge-transfer transition between O 2p and Ce 4f orbitals [40] [41] [42] . Pure Fe 2 O 3 presents several absorptions in the UV region (< 300 nm) due to OFe 3+ charge-transfer bands of isolated Fe ions in tetrahedral and octahedral coordination [43] . This transfer occurs from the highest lying O 2p orbitals to the half-occupied Fe 3d orbitals (t 2g e g O h symmetry and et 2 in T d symmetry) [41] .
The spectrum of the bare iron oxide also shows a broad absorption band centered at 381 nm which has been previously assigned to oligomeric clusters of α-Fe 2 O 3 [41] [42] [43] [41] , is detected. Thus, as proposed from the XRD and Raman studies, our microemulsion prepared iron oxide has an α-Fe 2 O 3 (hematite) structure.
The spectra of the low loading mixed oxides resembles that of pure ceria, but a widening of the absorption edge and the appearance of absorption bands of α-Fe 2 O 3 is evident when increasing the iron content of de sample. The shift in the absorption edge is indicative of the Ce-Fe interaction. The calculated band gap of the solids considering direct transitions between the conduction and the valence bands with photon emissions [44, 45] are presented in Table 1 .
The band gap value of our pure CeO 2 is similar to that reported in literature (3.2 eV) [45, 46] . The small difference with the reported value can be attributed to some morphology modifications [45] . The mixed oxides presented a progressive decrease in its bang gap energy as the amount of doping metal increases. A similar observation has been reported for Ti, Mn, Fe and Co doped ceria solids by Yue et al. [46] . This effect has been explained because of the 3d transition metals supply unoccupied orbitals of lower energy than those of Ce 4f, decreasing that way the energy needed for the O 2p to unoccupied orbitals transition [42] . The band gap energy value is an evidence of the position and donating properties of the top of the valence band, and can be used as a measure of the basicity of the solid [42] . Thus, the observed decrease in the band gap when increasing the iron content indicates the enhancement in the electronic properties (higher easiness of transport of electrons) in the CeO 2 structure by the presence of iron atoms.
In the visible region of the spectra, the broad adsorption at around 533 nm, characteristic of d-d transitions in α-Fe 2 O 3 , is detected for the mixed solid with the highest iron content, CeFe50, confirming that way the slight segregation of this phase.
3.5.
TPR The TPR profile of the prepared solids is presented in Figure 6 . For the pure CeO 2 two main signals can be detected. The first one at 486 º C, is attributed to the reduction of the surface shell and the high temperature signal at 764 ºC to the reduction of the bulk of the material [13, 47, 48] . ,which may follow different kinetics, as was discussed by Li et al. [50, 51] , and probably through the formation of FeO as intermediate species, as proposed by Zhong et al. [52] . In the case of the mixed oxides, there are also several reduction peaks with a complex profile where the reduction of iron and cerium species overlaps. The peak at lower temperature, which for the CeFe5 sample appears at 397 ºC, becomes more intense and shifts to lower temperatures with the load of iron in the material. This peak could be due to the first reduction step of Fe 3+ species [50, 51] . However, the simultaneous reduction, at least partially, of both surface Ce 4+ and Fe 3+ species have to be considered according with the reported behavior about the reduction of Zr, Zn and Fe doped CeO 2 [12, 48, 53] . The shift to lower temperatures demonstrates the synergy between these cations through the solid solution formation which generates mixed oxides with higher reducibility than pure CeO 2 .
The broad peaks at 627 ºC and 598 ºC for the CeFe10 and CeFe25 solids respectively, can be due to the intermediate reduction steps of Fe species to metallic Fe. Again, the reduction of part of the Ce 4+ cations in close contact with Fe ones could be also produced.
In the case of the CeFe50 solid, the only mixed oxide for which the solid solution formation and the segregation of α-Fe 2 O 3 were suggested by the other characterization techniques, a new reduction peak at 434 ºC is observed and the processes of high temperature appear as an only peak at 684 ºC, This different profile of reduction must be related with the existence of different surface cerium and iron species (in the solid solution and/or in the segregated iron oxide) in intimate contact.
In order to establish a quantitative estimation of the reducibility of the considered solids, the reduction percentage (RP) of every system has been calculated according to equation 5.
where T HC is the theoretical hydrogen consumption (in moles) needed for the complete reduction of all the reducible cations present in the amount of solid that was weighed for the TPR measurement, and E HC is the experimental total hydrogen consumption measured during the TPR. For the calculation of T HC , we have considered that all cations are initially in their maximum oxidation state. The results are presented in Table  1 .
The pure oxides, CeO 2 and Fe 2 O 3 , present the lowest and the highest reducibility percentage respectively. The mixed oxides exhibit an increase of their reducibility percentage until a maximum value (78 ± 2%) for the high loaded solids ( 10 Fe atomic%). This behavior suggests that the efficiency to reduce the reducible species is not significantly improved by the addition of more than 10 Fe atomic%, which agrees with the Raman results that found this iron content as the optimal value for the generation of the highest number of oxygen vacancies into the doped-ceria structure (Figure 4 ).
From all above, and according to the TPR analysis, we can conclude that the introduction of iron promotes the reducibility of the ceria structure, which is demonstrated by i) the increase in the reduction percentage of the solids up to 10 Fe atomic%, which could be related with the number of oxygen vacancies, and ii) by the lowering of the temperature at which the reduction processes takes place at the surface.
Catalytic activity
The catalytic performance of the prepared solids was evaluated in the oxidation of CO (TOX) and the preferential oxidation of CO in presence of H 2 (PROX). The CO conversion during the CO oxidation is presented in Figure 7 . The pure oxides exhibit lower catalytic activities than the mixed oxides, being the CeO 2 the less active system.
The solid with the highest catalytic activity is the mixed oxide with the 10 Fe atomic%, which could be related at the first sight, with the highest number of oxygen vacancies in this solid (Figure 4 ). In this sense, this iron loading has been reported early as the optimal for achieving the major CO oxidation capability in Fe-modified ceria systems [10, 11] . In the work of Bao et al. [11] over Ce-Fe solids prepared by coprecipitation, this iron content also generates the major concentration in oxygen vacancies, in good agreement with our results over Ce-Fe mixed oxides prepared by microemulsion. However, in a recent paper we have presented a series of Ce-Fe mixed oxides obtained by the thermal decomposition of the respective metallic propionates where, although the most active material for CO oxidation is that of 10 Fe atomic%, the oxygen vacancies are not detected for this material. The conclusion of these works is that, without oxygen vacancies into the CeO 2 framework, the iron species create structural sites with high electronic density which can act in a similar way than oxygen vacancies [10, 12] .
In order to compare the catalytic activity showed by ceria modified solids with the same iron content but prepared by different methods, let us see the temperature for which the 50% CO conversion (T50) is achieved. In the case of a CeFe10 sample prepared by coprecipitation [11] this value is reported around 227 ºC. However a similar sample prepared by the method of the thermal decomposition of propionates showed a T50 of 210 ºC [10] , that is very close to the value obtained in the present paper for the solid prepared by the microemulsion method. This suggests that those synthesis procedures that improve the Ce-Fe interaction results in solids with improved catalytic properties towards CO oxidation.
Thus, not only the nature and concentration of the doping agent but also the homogeneity and the Ce-metal interaction of the mixed oxide, which depends on the synthesis method used, strongly determine the mechanism of formation of the oxygen vacancy (vacancy compensation [39] or elimination -dopant interstitial compensationmechanisms [11] ) and the catalytic activity in the CO oxidation reactions. In this sense, microemulsion method produces more homogeneous solids than those generated by other conventional methods, and is an attractive way of synthesizing materials with high potential applications as active catalytic supports.
On the other hand, although the CeFe50 solid does not present the Raman oxygen vacancies band (Figure 3) , the Ce-Fe interaction allows considerable CO conversion levels ( Figure 7 ), even higher than those of the CeFe25 solid, in spite of their similar reducibility percentage values ( Table 1 ). The coexistence in the CeFe50 mixed oxide of the solid solution and the segregated α-Fe 2 O 3 phase, may favor the catalytic properties of the material due to i) the rich electron sites created in the structure of the oxide by the presence of the Fe cations in the interstitial positions which can acts as preferential sites of CO activation and ii) the presence of the perimeter of contact between the solid solution and the segregated metal oxide which could also be a favorable zone for the activation of the CO molecules, as recently proposed for a series of Zn-modified ceria oxides [6] .
The catalytic activity presented as the CO conversion and the selectivity to CO oxidation of the prepared solids during the PROX reaction, is presented in Figure 8 . As in the case of the TOX reaction, the pure oxides present lower CO conversions than mixed oxides, being the bare CeO 2 slightly more active than Fe 2 O 3.
Again, the highest CO conversion is presented by the sample with the high amount of oxygen vacancies, the CeFe10 solid ( Figure 8A ). Besides this, the low loading systems have higher catalytic activities than those of high loadings. Since PROX reaction proceeds under reductant conditions and with a limited oxygen supply, the CO oxidation strongly depends on the oxygen release capacity of the solids. Then, the best catalytic properties of low loading samples could be due to the fact that those systems may stabilize more easily the formation of oxygen vacancies than those of high iron contents where the iron species in the interstitial positions can be slightly limiting the oxygen mobility into the oxide framework.
Nevertheless, the intrinsic CO oxidation ability of the Fe species along with the probable formation of active interfaces for the CO activation between the Fe 2 O 3 and the Ce-Fe solid solution surface, are responsible of the higher catalytic activity of the CeFe50 solid respect to the pure oxides.
In both CO oxidation reactions, the catalytic activity depends mainly on the oxygen activation and accessibility (from the atmosphere or from the structure). The Fe-doped ceria solids may release easily oxygen species from their structure and TPR studies demonstrate that the reducibility percentage increases at high iron contents. However, the results of the catalytic CO oxidation reactions (TOX and PROX) suggest that this improvement of the reducibility at high iron loadings is, probably, not reversible. The solids with low amounts of iron incorporated must present a more reversible reducibility and, consequently, a superior oxygen exchange favoring the oxygen uptake/releasing process required for the CO oxidation.
All the Fe-doped solids present selectivities to CO oxidation close to 100% at temperatures below 120 ºC ( Figure 8B ). However, in this range of temperatures, very low CO conversion is achieved ( Figure 8A ). Above 120 ºC the selectivity decreases with the temperature. This result is in good agreement with previous works and is associated to the presence of the H 2 oxidation and the WGS or R-WGS reactions [12, 54] , which are more evident at high temperatures. In a recent kinetic study performed on a Au/Ce-Fe catalyst [55] , we established that the CO oxidation reaction present a lower specific activation energy (50 kJ/mol) than that of the H 2 oxidation (66.9 kJ/mol), being this fact the reason because the selectivity decreases when the temperature increases. On the other hand, the selectivity is slightly higher for the CeFe5 and CeFe10 solids than for the CeFe25, CeFe50 and pure CeO 2 ones, pointing out that the oxidation of CO is specially favored with respect to the H 2 oxidation for those catalysts loaded with low iron content. As demonstrated above, these materials present a more homogeneous modification of the cubic structure of the ceria network. This modification probably generates a kind of active sites more selective to the CO adsorption. In this sense, Scirè et al. [56] observed the change of selectivity to CO oxidation in the PROX reaction on Au/Fe 2 O 3 catalysts depending on the chemical nature and oxidation state of gold and iron species in the surface of the materials. They concluded that the chemical nature of the active sites influences the CO/H 2 adsorbed molecules ratio in the surface coverage, promoting the observed changes in the overall selectivity of the process. Finally, despite of the low CO conversion in this material, the selectivity trend with temperature observed for pure Fe 2 O 3 is opposite to those described for the other solids above 160 ºC, due to the absence of the Ce-Fe interaction.
Conclusions
A series of Fe-doped ceria solids with a good control of the chemical composition has been successfully achieved by the microemulsion method. For all the Fe metallic percentages evaluated (5, 10, 25 and 50 %) the formation of the solid solution was obtained, although the segregation of part of the iron species as α-Fe 2 O 3 is detected for the mixed system with the highest iron content. As the amount of Fe incorporated into the CeO 2 matrix increases, the electronic transferring and the reducibility are enhanced.
The population of oxygen vacancies is maximum for the solid doped with 10 Fe atomic%. This behavior evidences that the microemulsion method allows obtaining homogeneous Ce-Fe mixed oxides where the isomorphic substitution of Ce
4+
cations by Fe 3+ ones takes place. This generates the formation of oxygen vacancies through an oxygen vacancies compensation mechanism even at high iron contents (25 atomic%). On the other hand, the CO oxidation performances are especially enhanced for the solids with low iron contents and high oxygen vacancies concentration. The optimal iron content (10 atomic%) represents the Ce/Fe atomic ratio where the maximum reversible oxygen exchange can be achieved. For the lowest iron content (5 atomic%) this reversible oxygen exchange is not enough improved and for the solids with 25 and 50 Fe atomic%, although they have a similar reducibility, this is not easily reversible, which is crucial for the activation of oxygen species required during the CO oxidation. 
